A simple and rapid method was developed for the determination of 20 antibiotics (sulfonamides, tetracyclines, and flumequine) in honey by liquid chromatography tandem mass spectrometry. The proposed method is sensitive (limit of detection 0.5 to 10 ppb for the various antibiotics) and selective. A hydrolysis step ensures the liberation of sugar-bound sulfonamides. The approach has been used to analyze some 300 honey samples. A number of them were found to have exceeded the Swiss limit of 50 ppb.
S ulfonamides belong to a large and important class of antibacterial drugs and are very common in veterinary and human medicine (1) . In therapy, sulfonamides are often combined together with trimethoprim. Since 1946, known from the work of Haseman (2) , sulfathiazole is used against the bacterial disease affecting bees, known as American foulbrood (Bacillus larvae). The systematic application of sulfathiazole is well documented and probably utilized in many countries. Since 1974, however, in Switzerland it is no longer permitted to use antibiotics in the prevention and treatment of American or European foulbrood (Streptococcus pluton; 3). Residues of sulfonamides in honey as well as their metabolites can possibly be dangerous for sensitive people showing allergic reactions after consuming honey. Furthermore, the residues may contribute to an undesired bacterial resistance.
Referring to the sum of the initial substances (sulfonamides and their metabolites), Switzerland has established a limit of 100 ppb for meat and 50 ppb for honey. So far, there have not been found defined metabolites in honey; nevertheless, Belliardo (4), Low et al. (5) , and Sheth et al. (6) published that reducing sugars may have great influence on the concentration of free sulfathiazole and other sulfonamides. In 1990, Sheth et al. (6) proved that the chemically stable sulfathiazole together with reducing sugar solutions produces several sugar-bound compounds which cannot be chromatographically identified as sulfathiazole without previous hydrolysis. The free aromatic amino group of sulfathiazole is reacting with reducing sugars (aldehyde group) and yields different products. On the contrary, enzyme-linked immunosorbent assay (ELISA) analyses show a value up to 33 higher for sugar-bound sulfonamides (6) . By acidic hydrolysis or diluting with water, the free sulfathiazole can partially or fully be liberated and chromatographically identified. Years later, a publication by Schwaiger and Schuch (7) confirmed that determinations of sulfonamides in honey require acidic hydrolysis before chromatographic analysis, otherwise a real contamination may be underestimated and sugar-bound sulfathiazole may be released in acidic conditions of the stomach from the consumer, like model studies have shown (6) . Numerous analytical methods have been applied for the determination of sulfonamides in biological matrixes. Some of them are dealing with the determination of sulfonamide residues in honey, including spectrophotometry and liquid chromatography (LC) methods. Salinas and Espinosa Mansilla (8) detected sulfonamide residues in honey in the ppm range by means of the "Bratton-Marshall" reaction in the spectrophotometer. Neidert et al. (9) presented a thin-layer chromatography (TLC) method for the quantitative determination of sulfathiazole residues in honey. Induced fluorescence of sulfathiazole with fluorescamine was measured by fluorescent scanning densitometry in the 30-600 ppb range. Sherma et al. (10) isolated sulfathiazole on tandem alumina and anion-exchange columns. The detection was achieved after TLC by means of the "Bratton-Marshall" reaction at the 0.1-1 ppm level. Diaz et al. (11) extracted sulfathiazole, oxytetracycline, tetracycline, and chlortetracycline from honey with acetonitrile and water. Portions were filtered and analyzed on C 18 by LC. The detection limit in honey was 900 ppb for sulfathiazole. Barry and MacEachern (12) developed an LC method for the determination of sulfathiazole in honey at the 60-1000 ppb level. Sulfathiazole residues were extracted from honey by homogenizing samples in acetone. After further cleanup, the extract was analyzed by LC and UV detection at 254 nm. Jürgens (13) analyzed residues of chloramphenicol and sulfathiazole after dissolving honey in acid and acetonitrile. After neutralization, the samples were immediately analyzed by LC. Detection limit for sulfathiazole was around 1 ppm. Horie et al. (14) developed a method for the simultaneous determination of 10 sulfonamides in honey by LC. Samples were dissolved in 30% sodium chloride and extracted with dichloromethane. The extracts were cleaned up on Florisil cartridge and analyzed at 275 nm in the UV detector. The detection limits were 50 ppb for each drug. The authors presented 2 honey samples with sulfamonomethoxine. Schwaiger and Schuch (7) included an acidic hydrolysis step before extracting sulfonamides in honey. Precolumn derivatization with fluorescamine increased markedly the sensitivity. The LC conditions were suitable for the simultaneous detection of 11 sulfonamides. Positive samples were confirmed by gas chromatography/mass spectrometry (GC/MS). LC/MS methods for tetracyclines and sulfonamides in other matrixes have been reported (15) (16) (17) . This paper presents a simple and rapid analytical method for the quantitative determination of sulfonamides and some other antibiotics in honey after acidic hydrolysis. The aim of this method was to ensure that Swiss honey is free from sulfonamide residues and to confirm suspected samples after screening tests like the Charm-Test (18) and others (19) . (P/N S-9882), sulfadoxine (Hofmann-LaRoche, Basel, Switzerland), sulfachlorpyrazine (Ciby-Geigy), sulfadimethoxine (P/N S-7007), sulfacetamide (P/N 46770, Reidel-de Haen, Seeize, Germany), sulfamethoxazole (P/N S7507, Fluka, Buchs, Switzerland), sulfisoxazole (P/N S 6377), oxytetracycline (P/N 5875), tetracycline (P/N T3383), chlortetracycline (P/N C4881), and flumequine (P/N F7016). Store stock solutions, spiking solutions, and working standard solutions in a refrigerator. Stock solutions are stable for 6 months while the more diluted solutions should be prepared weekly.
METHOD

Apparatus
Preparation of Standard Solutions and Reagents
(f) 0.3M Citric acid.-Dissolve 63 g citric acid in 1000 mL distilled water.
(g) 2M HCl.-Dissolve 167 mL HCl 37% in 1000 distilled water.
(h) Mobile phase A.-Add 50 mL acetonitrile and 3 mL formic acid into a 1000 mL graduated flask and fill up to the mark with distilled water.
(i) Mobile phase B.-Add 3 mL formic acid into a 1000 mL graduated flask and fill up to the mark with acetonitrile.
Sample Preparation
Weigh 7.5 g honey into a centrifugation tube (add spike solution if recoveries are to be tested). Dissolve with 15 mL 2 mol/L HCl and leave for 30 min at room temperature. Add 30 mL citric acid solution, mix, and filter. Wet an SPE cartridge with 3 mL acetonitrile and rinse it twice with 2 mL distilled water. Take 20 mL honey filtrate and adjust the pH to 3.5-4.5 with ammonia. Proceed without delay to the next step. Transfer the neutralized honey solution into the reservoir above the SPE cartridge and pass the solution through the cartridge within 10 to 15 min. Rinse the cartridge 3 times with 3 mL distilled water. Let the cartridge run dry for ca 4 min. Elute the cartridge with 3 mL acetonitrile into a small, previously weighed conical flask. Evaporate in a rotary evaporator (40°C) to a small volume. Add 0.5 mL mobile phase A to the remaining liquid. Mix with a Vortex mixer and weigh the conical flask. Transfer the extract without filtration into an LC vial. Table 1 .
LC Separation
MS-MS Conditions
Results and Discussion
Sample Preparation
Only recently, experimental proof was presented that many analytical methods for sulfonamides in honey measure only a fraction of the total amount of sulfonamides (6) . An analytical method has therefore to liberate the bound sulfonamides and prevent them afterwards from rebinding during the following purification/concentration steps. Schwaiger and Schuch (7) used an acid hydrolysis to cleave sulfonamides bound to glucose. The efficiency of the proposed hydrolysis step was tested in our laboratory by cleaving glucose-bound sulfathiazole (500 ppb in a 40% glucose solution stored for 24 h). HCl (2M) liberated 107% of sulfathiazole. The recovery dropped to 69% when using 0.2M HCl. Hydrolysis was performed at room temperature to avoid possible degradation reactions. Still, tetracycline was found to decompose (probably by forming 4-epi-and anhydro-derivates) after prolonged acid treatment.
In order to remove interfering sugars as well as to concentrate the antibiotics, an SPE step with a polymer reversed-phase (RP) material was used. Because of its amphoteric nature, sulfonamides (Figure 1) are best retained by an RP SPE cartridge in the form of isoelectric molecules. Unfortunately, the isoelectric points of the various sulfonamides are rather different. Hence, the adjustment of the pH value to 4 reflects a compromise. Citric acid is added to the HCl hydrolysis solution to facilitate the adjustment (prevents overshooting) of the final pH value by the addition of an alkali. Ammonia hydroxide was used instead of NaOH to decrease the likelihood of sodium adducts in the MS spectra. There is always the possibility of back-reactions between liberated sulfonamides and sugars by increasing the pH value. Experiments (Figure 2) showed that the reaction kinetics of sulfonamides with glucose depends on the concentration of sugar. Therefore, the likelihood of a back-reaction has been minimized by diluting the solution of dissolved honey. In spite of this preventive measure, neutralized samples should be processed swiftly by SPE. It was found that a thorough rinsing of the loaded SPE cartridge is required. Otherwise, carbohydrates still present in the rinsed cartridge will be eluted and concentrated together with the sulfonamides in the following rotary evaporator step. This might again create favorable conditions for sulfonamides to rebind with sugars. The proposed sample preparation enables good recoveries for the tested sulfonamides. Furthermore, it permits the analysis of different tetracyclines and flumequine. The tetracyclines elute as double peak. This can be explained by the acid-facilitated formation of epimers. Hence, both MRM peaks are used for the quantitation of tetracyclines. Time-programmed MRM acquisition could be used to obtain higher sensitivity. This approach was not exploited because of simplicity reasons. Furthermore, analytespecific cone voltage can be used to improve the sensitivity. The gains in signal intensity are not large, probably because of the similar molecular weight of the different analytes.
Validation
The method has been validated by spiking 3 different types of honey (forest, sunflower, and acacia honey) with a mixture of sulfonamides, tetracyclines, and flumequine. The individ- Table 1. ual spike levels for each antibiotic were 0, 10, 20, 50, 100, 500, and 1000 µg/kg per honey sample. Each spiking level was repeated 3 times for each matrix. This resulted in 63 individually extracted and analyzed samples. Table 2 shows the result of the validation. The coefficient of correlation (r 2 ) was always higher than 0.99 except for the 2 early eluting sulfaguanidine and sulfanilamide.
The calibration function y = a + bx permits the calculation of the measured (recovered) concentrations based upon the actual made fortification. The confidence interval of the intercept, a, includes the value zero in almost every case, indicating the absence of systematical bias. The slope, b, represents the average recovery over all levels. Sulfaguanidine and sulfanilamide show the lowest recovery (35.7% with b = 0.357 and 48.8% with b = 0.484). All other analytes show clearly higher recoveries. The low recovery of the early eluting sulfonamides can be explained with SPE losses (break-through), but also with matrix suppression effects in the MS interface. This was tested by control samples (0 ppb spike) which were fortified after the sample preparation procedure with a 100 ppb of each investigated analyte (spiking after processing). The ionization suppression is clearly visible for early eluting analytes (values below 100%); it becomes less evident for substances which are stronger retained (probably less likelihood of coeluting interferences). There even seems to be a matrix-related signal enhancement in the case of tetracyclines. In addition, the analyte loss related to the sample processing (for example, SPE loss) can be estimated by comparing the samples spiked before (slope of the calibration function b) and after sample processing. The limit of detection [signal-to-noise (S/N) = 3] varies between 0.4 and 11 ppb (Table 3) . Figure 3 presents an LC/MS-MS chromatogram obtained after analyzing a blank sample and a honey sample fortified at 100 ppb. The chromatogram represents a total ion current (TIC) trace consisting of 22 MRM transitions. Figure 4 shows a positive honey sample which contained 23 ppb sulfathiazole. Only the specific sulfathiazole MRM trace is shown.
The main advantage of the discussed method is the high selectivity, which is due to the MS-MS. Most observed MRM traces show no matrix-related signals at all. Occasionally, there was a peak eluting 0.3 min before sulfanilamide. Therefore, positive samples were confirmed by reanalyzing them using different MRM transition.
The method does not use an internal standard. Although the accuracy of the analysis might be increased by such an approach, an internal standard is possibly of limited value. Each analyte is differently affected by matrix-related MS ionization suppression/enhancement (Table 2) . Hence, it is not possible to solve this individual bias by one universal internal standard. Many analytical methods for sulfonamides rely on sulfanilamide as internal standard. Sulfanilamide represents the sulfonamide structure and has not been reported to be found in meat samples. However, we have analyzed a number of honey samples with traces and, in a few cases, even with significant sulfanilamide concentrations. Reasons concerning the possible origins of these residues are still being studied. Because the use of antibiotics in honey production is only partially understood, the selection of a possible internal standard has to be done with great care. If available, stable isotope-labeled sulfonamides are preferred.
Conclusions
Honey is a very difficult matrix if sulfonamides or tetracyclines are to be quantitated at trace levels. The more commonly used LC-UV with fluorescence detection tech- niques suffer from possible interferences with natural honey compounds. Even LC/MS is still affected by such interferences. The lighter sulfonamides (molecular weight around 230) are more likely to be affected by coelutions with other small molecules of identical molecular weight than the heavier tetracyclines. Triple quad LC/MS-MS electrospray technology produces the required selectivity and ruggedness.
The present approach permits the combined determination of all important chemically bound/unbound sulfonamide and tetracycline antibiotics with a single analytical method. It provides a sufficient sensitivity and ruggedness for routine purposes. A cleaning of the interface might be required after about 100-200 samples.
The method has been used for the determination of antibiotics in some 306 honeys; 200 samples among them were sent from various laboratories to confirm their Charm and LC fluorescence results. Among the remaining 106 samples obtained from the Swiss market, 12 tested positive. Sulfanilamide was the most commonly detected antibiotic (8 samples). However, most samples contained less than 50 ppb of this substance, but there were honeys with 600, 2000, and even 15 000 ppb of sulfathiazole. No sample contained both sulfanilamide and sulfathiazole. In addition, 2 samples tested positive for chlortetracycline. There seems to be varying distribution patterns among different countries and regions.
